ABSTRACT New optical spectra of 28 H II regions in the M101 disk have been obtained, yielding 10 new detections of the [O III]λ4363 auroral line. The oxygen abundance gradient measured from these data, combined with previous observations, displays a local scatter of 0.15 ± 0.03 dex along an arc in the west side of the galaxy, compared with a smaller scatter of 0.08 ± 0.01 dex in the rest of the disk. One of the H II regions in our sample (H27) has a significantly lower oxygen abundance than surrounding nebulae at a similar galactocentric distance, while an additional, relatively nearby one (H128) was already known to have a high oxygen abundance for its position in the galaxy. These results represent marginal evidence for the existence of moderate deviations from chemical abundance homogeneity in the interstellar medium of M101. Using a variety of strong-line abundance indicators, we find no evidence for significant large-scale azimuthal variations of the oxygen abundance across the whole disk of the galaxy.
1. INTRODUCTION Radial gradients of metallicity in spiral galaxies have been known for a long time, with typical values of 0.03−0.10 dex kpc −1 . The study of giant extragalactic H II regions offered the first evidence for the presence of oxygen abundance gradients in galaxies (Searle 1971) and has been extensively used to probe the stellar populations and the chemical composition of nearby star-forming galaxies (Vila-Costas & Edmunds 1992; Zaritsky et al. 1994; van Zee et al. 1998; Bresolin et al. 1999) , placing strong constraints on galactic chemical evolution models (Chiappini et al. 2001; Fu et al. 2009 ). In contrast, surprisingly little is known about the possible presence of azimuthal asymmetries in the abundance distribution in spiral disks. From a theoretical point of view, a virtually uniform distribution, with negligible scatter, could be expected along the azimuthal direction, as a result of relatively fast mixing processes (except near corotation, Scarano & Lépine 2013) , with timescales on the order of ∼100 Myr, in the turbulent interstellar medium (Roy & Kunth 1995; Yang & Krumholz 2012) .
Deviations of the radial abundance gradient from a simple exponential seem to be well-established from studies of Cepheids (e.g. Luck et al. 2003 ) and open clusters (Twarog et al. 1997; Lépine et al. 2011) , showing a discontinuity at a galactocentric distance of ∼8.5 kpc and a flattening beyond that radius, possibly caused by the barrier effect of corotation, which isolates the inner and outer regions of the disk one from the other, due to opposite directions of gas flow . Similar features can be observed in the H II region abundance distribution of nearby spiral galaxies (Bresolin et al. 2009b Scarano et al. 2011) . Investigations of Cepheids (Pedicelli et al. 2009 ) and H II regions (Balser et al. 2011) in the Milky Way have provided indications for the presence, at least near the corotation radius, of azimuthal gradients (∼0.05 dex kpc −1 ) and chemical inhomogeneities, which can be attributed to the spiral arm structure and the consequent non-uniformity of the spatial distribution of gas and star formation in the disk of the Galaxy . These results stress the importance of including the azimuthal coordinate, in addition to the radial one, in modeling the chemical evolution of the Milky Way.
The situation in other spiral galaxies is less clear, and suffers from poor statistics (small number of H II regions studied in a given galaxy) and measurement uncertainties. In the galaxy M33, Rosolowsky & Simon (2008) measured a substantial intrinsic dispersion of 0.11 dex (in addition to the dispersion due to observing errors) in the H II region oxygen abundance at constant radius. However, Bresolin (2011) showed that this is due to poor detections of the [O III]λ4363 auroral line used to derive nebular electron temperatures, and that a much smaller scatter of ∼0.06 dex, consistent with the measurement uncertainties, is obtained from the best-quality data. In a wide-field integral field spectroscopy study of NGC 628, Rosales-Ortega et al. (2011) found that the radial metallicity gradient varies slightly for different quadrants, although the differences are comparable to the uncertainties introduced by the nebular abundance diagnostics and can be related instead to systematic variations of the ionization parameter. The narrow-band imaging across the disk of the same galaxy by Cedrés et al. (2012) suggests that the detection of chemical inhomogeneities may depend on the choice of strong-line diagnostics used to derive the oxygen abundances. Recently, a large degree of inhomogeneity on relatively small spatial scales (∼0.5 kpc) has been claimed by Sanders et al. (2012) for the H II region oxygen abundances in M31. This result is not confirmed by other investigations in the same galaxy, including the recent one by Zurita & Bresolin (2012) , and it is in general still unclear what role the sample selection and choice of chemical abundance diagnostics play in these results.
In an attempt to provide new observational constraints on the presence of chemical inhomogeneities and azimuthal gradients in nearby spiral galaxies, we turned to M101 (NGC 5457), a nearby (D = 6.85 Mpc, Freedman et al. 2001) , nearly face-on, grand-design spiral galaxy, that has been widely studied as a prototype system for the investigation of radial gradients of element abundances (see Kennicutt et al. 2003 and Bresolin 2007 for a review and references). There are more than 10 3 cataloged H II regions in its disk (Hodge et al. 1990 ). Kennicutt & Garnett (1996) suggested the presence of a possible azimuthal asymmetry in the oxygen abundance distribution between the southeast (SE) and northwest (NW) regions of M101, based on strong-line abundance diagnostics. However, this result is subject to the uncertainties and discrepancies concerning the calibrations of these diagnostics (Bresolin 2007; Kewley & Ellison 2008) . Kennicutt et al. (2003) improved on previous studies using direct oxygen measurements for 20 H II regions, which rely on the determination of the electron temperature from auroral-to-nebular line ratios, such as [O III]λ4363/λ5007. These authors found a ∼0.2 dex metallicity spread for H II regions located at a similar galactocentric distance in the southwestern section of the galaxy. However, limited by the size of their H II region sample, they could not confirm the large-scale azimuthal asymmetry between the SE and NW, suggested by Kennicutt & Garnett (1996) . In this paper, we present new spectroscopic observations of 28 H II regions in M101, and are able to derive direct oxygen abundances for a subset of 10. This new dataset allows us to address the possibility of a non-axisymmetric distribution of the nebular oxygen abundance in this galaxy. In addition, because M101 is known to be currently experiencing an infall of high-velocity gas, as shown by H I maps (Sancisi et al. 2008) , and has likely been recently subjected to interaction events, as shown by the lopsidedness of its disk, the peculiar spiral structure and faint tidal structures (Waller et al. 1997; Mihos et al. 2012) , it is well suited to verify to what extent these events can affect the distribution of metals in a spiral disk. This paper is organized as follows. In Section 2 we describe the observations and data reduction procedures. In Section 3 we present and analyze the radial gradients, and the local azimuthal variations of oxygen abundance, using both the direct method ( [O III]λ4363-based) and strong-line diagnostics. We test the asymmetry of the oxygen abundance distribution between the east and west sections of M101 in Section 4, and present our conclusions in Section 5.
OBSERVATIONS
We obtained multi-object spectroscopy of M101 during the nights of May 7-8, 2010 with the R-C spectrograph at the Mayall 4-m telescope of the Kitt Peak National Observatory, using multi-object masks in five different fields, with 2 arcsecwide slits. The data were acquired at airmasses smaller than 1.25, to minimize the impact of differential atmospheric dispersion. In each field we integrated for 3 × 2400 s using the KPC-10A grating (2.75 Å pixel −1 ), which yielded a ∼7.5 Å FWHM spectral resolution and covering approximately the wavelength range between 3600 Å and 7500 Å.
Standard IRAF 1 tasks, in combination with the PyRAF 2 command language, were used for bias subtraction, flat-field correction, cosmic ray removal, spectral extraction, image coaddition and wavelength calibration (using He+Ne+Ar lamp frames). We extracted one-dimensional spectra for each target H II region after executing all the standard reduction procedures. Three standard stars (Feige 34, Feige 67 and BD+28 4211) were observed several times each night for the flux calibration.
Our observations yielded spectra for 28 H II regions. Their celestial coordinates, galactocentric distances normalized to the isophotal radius R 0 , position angles φ relative to the galactic center and identifications from the Hodge et al. (1990) catalog, are presented in Table 1 (where objects are listed in order of increasing declination). We have adopted the following parameters: center coordinates RA = 14:03:12.5, Dec = +54:20:56 (J2000), position angle of the major axis = 37 deg, inclination angle = 18 deg (de Blok et al. 2008 ), distance = 6.85 Mpc (Freedman et al. 2001 ) and isophotal radius R 0 = 14. 4 (de Vaucouleurs et al. 1991) , corresponding to 28.7 kpc. Fig. 1 shows the location of the target H II regions in M101. H II regions for which we detected the [O III]λ4363 auroral line are labeled by double symbols, and we identify the different data sources considered in this paper with different symbols.
Line flux measurement
The emission line intensities were measured with the splot routine in IRAF, by integrating the flux under the line profiles between two continuum points selected interactively. A multi-gaussian profile fit was performed if evident line blending occurred.
A correction for interstellar reddening was performed adopting the Howarth (1983) analytical formulation of the Seaton (1979) law, assuming a total-to-selective extinction ratio R V = A V /E B−V = 3.1. By comparing the measured intensities of Hα and Hγ, relative to Hβ, to the case B theoretical values taken from Storey & Hummer (1995) calculated at the electron temperatures determined from the auroral lines (or 10,000 K if these lines were not detected), we obtained the reddening coefficient c(Hβ). The Balmer lines ratios (Hα/Hβ, Hγ/Hβ) were corrected for underlying stellar absorption in an iterative manner.
The resulting reddening-corrected line flux measurements, normalized to Hβ = 100, are tabulated in Table 2 . The errors in these fluxes were estimated from the uncertainties in the line intensity measurements and the flux calibration, the scatter of the continuum near the emission lines, and the uncertainties in the extinction coefficient. We note that, in general, the H II regions in our sample are extended, and are not fully covered by the width of our slits. Thus, the Hβ fluxes reported in Table 2 should be considered lower limits to the real fluxes. To calculate the total oxygen abundances, we made the usual assumption: Table 2 . We assume, as indicated by the [S II] λ6717/ λ6731 line ratios, that all H II regions are in the low density limit (n e < 10 2 cm −3 ).
We derived the oxygen abundances both from the measurement of the electron temperature ('direct' method or T e method), obtained as explained above, and strong-line diagnostics. Strong-line diagnostics were put forward to obtain the abundances in H II regions when the temperature-sensitive lines are not accessible (e.g. in metal-rich regions or high redshift galaxies), by using combinations of more easily measured strong emission lines as indicators of the abundance, such as the popular [O II]λ3727+ [O III]λλ4959, 5007)/Hβ line ratio, otherwise known as R 23 (Pagel et al. 1979) . As is 2.3. The enlarged sample In order to increase the sample size and to cover a larger radial and azimuthal range, we also collected data from additional sources:
• Kennicutt & Garnett (1996, = KG96) presented spectroscopic data for 41 H II regions, including some distinct knots in large complexes (NGC 5462, NGC 5447 and NGC 5471), which could be used as control samples to examine the intrinsic metallicity variation, if we assume that within their volume the oxygen abundance is homogeneous. • Bresolin (2007, = B07) observed 4 H II regions (H1013, H493, H507 and H972) in the inner (central 3 ), metal-rich zone of M101; two (H1013 and H493) provided reliable T e measurements.
• van Zee et al. (1998, = vZ98 ) published spectroscopic data for 13 H II regions in M101. These authors did not follow the object identification from the catalog of Hodge et al. (1990) . Based on their map of slit positions, we identified the corresponding objects in Hodge et al. (1990) .
In assembling our catalog of line fluxes for H II regions in M101, we adopted the more accurate line fluxes given by KBG03 and B07 for the 26 objects in common with KG96. Similarly, for H67 and H188, which were observed by vZ98, we adopted our new data or those by KBG03.
Since in KG96 and vZ98 only the sum of the [O III]λλ4959,5007 and [N II]λλ6548,6583 line fluxes are given, we calculated the individual line fluxes of the lines in the doublets using the theoretical ratios (Storey & Zeippen 2000) . Table 3 presents line fluxes from different authors (KBG03 and B07) for the six objects in common with our new dataset of 28 H II regions (labeled as "New" in the table). In Fig. 2 we display a comparison of line fluxes and derived quantities (R 23 , O/H).
The agreement between the different studies is generally satisfactory. There is only one object, H140, with a considerable difference (∼20%) in the [S II] flux between our new observations and those by KBG03. H1013, B07 provided an oxygen abundance 0.21 dex lower than KBG03. We adopted the value from B07, obtained from deeper data, and which corresponds to an O ++ zone temperature directly derived from [O III]λ4363/(λ4959 + λ5007), while in KBG03 it was derived from T [S III]. Finally, we adopted the H972 measurements from B07, while for the remaining four H II regions included in Table 3 our new observations were adopted. Our final sample comprises 79 H II regions, with 28 objects from our new observations, 20 from KBG03, 4 from B07, 16 from KG96 and 11 from vZ98. In this merged sample, there are 29 measurements of the [O III]λ4363 auroral line (10 from our new observations, 17 from KBG03 and 2 from B07). In order to ensure consistency in the analysis, we recalculated the T e and the direct oxygen abundances when the [O III]λ4363 line was measured.
In Fig. 3 (Baldwin et al. 1981 = BPT) .
We include in the plot the boundaries between different photoionization sources (star-forming regions vs. AGN) by Kewley et al. (2001, shown by the long-dashed line) and (Kauffmann et al. 2003, short-dashed line) . Kewley et al. (2001) used stellar population synthesis and photoionization models to create the 'maximum starburst line' on the BPT diagrams. A modification to this classification was provided by Kauffmann et al. (2003) to include an empirical boundary line between pure star-forming galaxies and Seyfert-H II composite objects. As shown in Fig. 3 , according to these criteria all the objects in our sample are located in the pure star-forming region of the diagram.
RADIAL ABUNDANCE GRADIENT AND LOCAL AZIMUTHAL

VARIATIONS
The first measurements of a radial abundance gradient from H II regions in M101 can be traced back to more than 40 years ago (Searle 1971; Smith 1975) . Based on our new spectroscopic observations, in combination with the work published by other authors, as presented in Sect. 2, we are in the position to better assess the spatial distribution of the oxygen abundance in the disk of this galaxy. Given the relatively dense spectroscopic coverage in the western part of the disk we can investigate how the oxygen abundance varies along the arc-like region identified in Fig. 1 , designated as arc A hereafter, covering the restricted radial range R/R 0 = 0.54 to 0.59, and extending in position angle between 230 and 290 degrees (∼17 kpc in projected length), where we have a good amount of nebular spectra with [O III] λ4363 detections, in order to test whether we could confirm the local azimuthal variation suggested by KG96. Let us examine the abundance distribution along arc A. As shown by the gray shadowed region in Fig. 4 , this part of the galaxy contains objects whose O/H abundance ratios appear to cover a larger spread (at constant radius) than elsewhere. To clarify the situation, in Fig. 5 we zoom into this restricted radial range (top panel), and plot the oxygen abundance as a function of position angle (bottom panel). The red dotted lines mark the range in O/H corresponding to the change in galactocentric distance from 0.54 R 0 to 0.59 R 0 , as inferred from the gradient given by Eq 3.
The H II region H27 stands out with an abundance 12+log(O/H) = 7.96 ± 0.08, while the corresponding radial fit value at its galactocentric distance is 8.23 ± 0.05. The difference between the measured and the fit value is 0.27 ± 0.09 dex. Therefore, H27 is a 3σ outlier from the linear fit. An additional object observed by KBG03, H128, is also an outlier relative to the radial fit, with an observed value of 12+log(O/H) = 8.45 ± 0.04 dex and a fit value of 8.25 ± 0.05 dex (∼3.1σ). All other objects are consistent with the radial fit value for their galactocentric distances, within 3× their measurement uncertainties.
Like all other objects, H27 and H128 are located in the pure star-forming region of the BPT diagram (see Fig. 3 ) and we find no evidence for the presence of other ionization mechanisms (e.g. shocks) that could explain its peculiar oxygen abundance for its galactocentric distance. Fig. 4 . The bottom panel is the variation of the oxygen abundance with position angle. The region between the two red dotted lines is the maximum variation of the oxygen abundance due to the change of radial distance, calculated from Eq. 3. vestigation of supernova remnant (SNR) candidates in M101 from archival Hubble Space Telescope images, and has been identified as a superbubble, rather than a SNR.
Analyzing the scatter relative to the radial abundance gradient is one approach to probe azimuthal variations of metals (Bresolin 2011) . The rms scatter around the least-squares fit for our full sample of H II regions (black solid line in Fig. 4 ) is 0.11 dex. For the 11 objects contained within the grey shadowed portion such scatter rises to 0.15 dex, while for the 18 remaining objects it is 0.08 dex.
A scatter of 0.15 dex potentially represents a detection of local inhomogeneities in the abundance distribution. In order to test the significance of this result, we calculated the errors on the scatter measured for these two data sets (inside and outside the shadowed region in Fig. 4) , following a jackknife procedure (Lupton 1993, p. 46) . Simply put, jackknife resamples a sample of size N, constructing N subsamples of size N − 1 by omitting an element of the sample in succession, and then estimates the variance of the scatter t N from
wheret N−1 is the average of t over the N subsamples.
By applying this technique, the resulting scatters are 0.15 ± 0.03 dex (objects within arc A) and 0.08 ± 0.01 dex (objects outside arc A), respectively. Thus, the significance of the difference is only at the ∼2σ level.
In summary, using the direct method on our enlarged sample of 29 H II regions with [O III] λ4363 detections, we derive a radial oxygen abundance gradient that is consistent with previous results. We detect two outliers from the mean radial gradient, H27 and H128, both of which with a significance at the 3σ level. No evidence of shocked gas are found for H27. The objects located along arc A display an abundance scatter of 0.15 ± 0.03 dex, which represents a marginal detection of a local azimuthal variation.
Abundance variations based on strong-line methods
Comparison of different strong-line methods
In addition to the [O III]λ4363-based method, in order to take advantage of the 79 objects in our enlarged sample of H II regions we also considered a number of strong-line methods, in which the strength of easily observed nebular emission lines can be used to calculate the nebular abundances. Among the available methods making use primarily of O lines we considered the R 23 calibration by McGaugh (1991, = M91) (in the analytical form provided by Kobulnicky et al. 1999) , and the P-method by Pilyugin (2001 Bresolin (2007, NO) . These methods are summarized in Table 4 for clarity. They are somewhat arbitrarily divided in 'empirically' and 'theoretically' calibrated methods, to reflect the fact that the calibration in terms of O/H abundance ratio can be obtained from samples of H II regions with available direct abundances or from grids of photoionization models, respectively.
For our purposes, we were interested to test how the strongline abundances compared with the abundances from the direct method. We show in Fig. 6 the comparison between H II region abundances obtained from the T e method (along the x-axis) and those obtained from the various strong-line diagnostics. Since similar comparisons have appeared frequently in the literature in the past decade, presenting comparable results, we keep our discussion limited to the essential. For further details, the reader is referred to, for example: Kennicutt et al. Empirically calibrated methods -The first two rows of Fig. 6 refer to empirically calibrated diagnostics. A quick look at the figure shows that despite the fact that, by construction, these methods should generally agree with the direct method, the level of agreement varies greatly, at least for the sample of H II regions we are considering. In some cases this is due to the fact that the O/H range in which the diagnostics were calibrated is narrower than the full range of abundances available in M101 (which is unusually large). Secondly, possible differences in physical conditions (e.g. ionization parameter) between the calibrating sample and our sample can translate into the variations we observe. With these considerations in mind, we point out the following points:
• PP04-N2 provides a relatively good match to the direct abundances (with a rms scatter of 0.11 dex), but large discrepancies arise at low metallicity, 12+log(O/H) < 8.0. Similarly for PP04-O3N2, but the scatter is worse (0.17 dex).
• PM09-N2 tends to systematically underestimate the abundances, compared to the direct method. PM09-O3N2 yields similar results.
• the P01 calibration was derived from nebular data with 12+log(O/H) > 8.2, which is therefore the applicable range of this method. Accordingly, it is not surprising to see large discrepancies in the low metallicity regime.
• P05 is a revised version of P01, providing calibrations for both the upper and the lower branch of the relation between oxygen abundance and R 23 . Here, we only adopted the calibration for the upper branch, but even at high metallicity the diagnostic underestimates the T ebased abundances.
• the ONS calibration provides abundances that are comparable to those from the T e method across the whole metallicity range, with a rms scatter of 0.09 dex. Kewley & Ellison (2008) . Symbols as in Fig. 1. • the NO calibration seems to largely agree with the T e method, although the scatter of the data points is larger than in the case of the ONS method.
Theoretically calibrated methods -The last row of Fig. 6 presents the abundances obtained from strong-line methods that are calibrated from theoretical models. It is well-known that they provide systematically higher abundances than the T e method (e.g. Bresolin et al. 2009a) . 'KD02-combine' represents the so-called 'combined' diagnostic of KD02, recommended as an optimized abundance determination by these authors, and which can be used over the range of abundances from 12+log(O/H) = 8.2 up to 9.4, with a minimized scatter and showing no systematic offset compared with 'KD02-average'. 'KD02-R 23 ' is the R 23 method calibrated from the models of KD02: compared to the T e method it shows a large scatter both at high and low metallicities. 'KD02-average' is the average of five independent strong-line methods. As we can see in Fig. 6 , it overestimates the T e -based abundances, but the relative offset appears unchanged across the full metallicity range. Finally, M91 suffers from the well-known double-valued nature of the R 23 diagnostic. Additional line ratios and/or an initial guess of the abundance are required to choose the appropriate branch. We attempted to break the R Only when both these criteria were simultaneously satisfied we assigned the objects to the appropriate branch.
However, there is a large number of 22 objects in our sample whose branches could not be firmly established, or remain dubious or contradictory, based on these criteria. These objects are represented by black filled circles connected by dotted lines in Fig. 8 , where we show how the M91-derived abundances change as a function of R 23 parameter (top panel) and galactocentric distance (bottom panel). As the bottom panel of this figure shows dramatically, the R 23 branch choice can yield very different conclusions about the radial trend of the oxygen abundance. This can make double-valued diagnostics like R 23 inappropriate to study radial abundance gradients in galaxies, and as a minimum the results should be checked with additional diagnostics.
In summary, the ONS calibration gives the best agreement with the T e method for the oxygen abundances of the M101 H II region sample among the strong-line diagnostics considered in our study. Most of the remaining empiricallycalibrated strong-line methods diverge from the T e method at low metallicities. The theoretically-calibrated diagnostics tend to systematically overestimate the abundances, compared to the T e method. The excellent agreement of the ONS method with the T e method is not too surprising, given that it was specifically calibrated using H II regions with wellmeasured T e -based abundances (but so where the others). To further test its agreement with the T e method we applied the ONS method to the H II region sample in the galaxy NGC 300 presented by Bresolin et al. (2009a) , who found good agreement between the nebular abundances derived with the T e method and the metallicities of blue supergiant stars (Kudritzki et al. 2008) . The abundance gradient from the ONS method is found to be represented by the following linear fit: 12+log(O/H) = 8.49( ± 0.02) − 0.33( ± 0.04) R/R 0 . This agrees well with the fit obtained from the T e method, 12+log(O/H) = 8.57( ± 0.02) − 0.41( ± 0.03) R/R 0 , and from the blue supergiants, 12+log(O/H) = 8.59( ± 0.05) − 0.43( ± 0.06) R/R 0 .
Abundance variations based on the ONS diagnostic
In order to expand our analysis of possible spatial variations of the chemical abundances presented in Sect. 3.1, we used the oxygen abundances derived from the ONS method, which shows the best agreement with the T e method, for the enlarged sample of H II regions. However, adopting other strong-line diagnostics would yield the same conclusions concerning azimuthal variations in the inner disk.
The radial oxygen abundance gradient thus derived is shown in Fig. 9 . The solid line represents the least-square fit to the data. We note that there are five objects at R/R 0 = 0.81 displaying a large abundance scatter. These are five individual emission knots located within the supergiant H II region NGC 5471 (see KG96). At least two of them have been associated with SNRs or the presence of high-velocity gas (Skillman 1985; Chu & Kennicutt 1986; Kennicutt & Garnett 1996) . Peculiar ionization conditions in these knots could in principle affect the chemical abundance determination (but we note that the T e -based oxygen abundances do not appear to be affected, and are quite homogeneous between the different knots). Thus, the apparently large abundance scatter between these data points, as seen in Fig. 9 , is unlikely to result from a real oxygen abundance inhomogeneity in this region (an interpretation supported by the T e -based O/H measurements; see KBG03 for a discussion of the N/O ratio), but rather from a breakdown of the ONS diagnostic in this nebular complex. The linear fit to the radial abundance gradient is not significantly affected by the inclusion of the knots in NGC 5471. We obtain: 12 + log(O/H) ONS = 8.74( ± 0.03) − 0.82( ± 0.05) R/R 0 (5) with a linear Pearson correlation coefficient of −0.90. The intercept and the slope of the regression are consistent with the result derived from the direct method (Eq. 3).
As done earlier, in Fig. 10 (top panel) we zoom into the radial range R/R 0 = 0.54 to 0.59 (highlighted in gray in Fig. 9) , and plot the oxygen abundance as a function of position angle (bottom panel). H II regions H27 (filled blue triangle) and H128 (filled green circle), which were found to be possible outliers from the radial abundance gradient obtained from the direct method, are not so using the ONS method. However, a new object, corresponding to slit 6 in van Zee et al. (1998) , is now found to have quite a low O/H abundance ratio, 12 + log(O/H) = 7.84. This can be explained by the fact that the criterion used in the ONS method to assign an H II region to a particular excitation class fails for this particular nebula. The criterion, based on the [N II]/[S II] line ratio, assigns this object to the 'hot' class, but if we calculate its O/H abundance as if it were a 'warm' H II region, its O/H ratio would increase by 0.3 dex, which would thus remove the systematic abundance offset relative to the other nebulae with similar galactocentric radius. The problem of misclassification in the ONS method has already been discussed by Bresolin et al. (2012) . In addition, for the specific case of M101 Pilyugin et al. (2010) classification only for objects lying at R/R 0 > 0.90.
The rms scatter around the least-square fit for 74 H II regions (the enlarged sample with the five knots in NGC 5471 removed) is 0.10 dex. For the 17 objects in the grey shadowed region of Fig. 9 the scatter is 0.14 dex, and for all the remaining objects it is 0.09 dex. However, if we focus on the 13 objects along arc A only we find that the scatter is comparable to what we find for the remaining objects (∼0.10 dex). In other words, based on the ONS method, we find no evidence for local inhomogeneities of the oxygen abundance along arc A.
A GLOBAL ASYMMETRY IN THE OXYGEN ABUNDANCE?
It is interesting to test not only for local chemical inhomogeneities, as done in the previous sections, but also for largescale azimuthal variations in the disk of M101. Is it true that the metal abundance distribution in the disk is azimuthally axisymmetric, as usually assumed in chemical evolution models? To start to answer this question in the case of M101, further examination of the two dimensional distribution of the oxygen abundance is required.
As a simple test, we divided the galaxy into two halves with respect to the major axis: a SE part (position angle: 37 to 217 degrees, including 37 objects) and a NW part (complementary position angles, with 42 objects), as shown in Fig. 11 . KG96 suggested that objects in the SE have lower oxygen abundances compared to H II region in the NW. This result was obtained from the use of the R 23 parameter. We plotted the radial dependence of R 23 in M101 in Fig. 12 in the same way KG96 did, but including about twice the number of objects (79 versus 37). The distribution of data points is virtually the same for the two subsamples, and thus we do not confirm the non-axisymmetric distribution suggested by KG96 considering the R 23 diagnostic alone.
As a further test, we used six different strong-line methods to calculate the oxygen abundances and fitted the radial distribution with linear functions of the form 12+log(O/H) = a + b×(R/R 0 ). Since we find (see Fig. 13 ) that different abundance diagnostics yield qualitatively different radial trends in the outer disk, only objects with R/R 0 <0.8 were included in the fit. In Table 5 we summarize, for each diagnostic, the linear fit parameters a and b and their uncertainties, the Pearson correlation coefficients, the rms scatter of the fit and the characteristic oxygen abundances measured at R = 0.4 R 0 , which correlate with the integrated galaxy metallicity (Zaritsky et al. 1994; Moustakas & Kennicutt 2006) . Fig. 13 illustrates the results of the fitting procedure for the two H II region subsamples (SE and NW) for each diagnostic. Table 5 shows that the linear radial gradient parameters (e.g. slope and zero point) are highly dependent on the abundance diagnostic adopted, which is not surprising given the different behaviors found among the strong-line methods when comparing with the T e method. The possible breakdown of many of the diagnostics at low metallicities is evident in Fig. 13 , which shows that in several cases (e.g. for P01 and KD02-combine) the radial abundance gradient reaches a minimum abundance at ∼0.8 R 0 , and then rises again in the outer disk. This situation has been more thoroughly discussed by Pilyugin (2003) . If we believe that these results are unphysical, i.e. that the actual galactic gradient does not 'turn over' at a certain galactocentric distance, we need to discard the abundances inferred from the strong-line diagnostics that are affected by this issue (we stress that the direct abundance are not affected). However, we point out that in recent years several reports of metallicity gradients becoming flat or turning over at large galactocentric radii in the Milky Way and other galaxies have been made (e.g. Worthey et al. 2005; Yong et al. 2012; Bresolin et al. 2009b) . The radius where such a break appears to occur in M101 agrees well with the results from the recent work of Scarano & Lépine (2013) , who noted a good correlation between the radial positions of the break and corotation radii for a sample of spiral galaxies. Our Fig. 13 shows, however, that the various abundance diagnostics we considered still leave some ambiguity concerning both the presence of the break and the gradient slope in the outer disk (this problem is absent in other outer disk nebular abundance studies, e.g. Bresolin et al. 2009b Bresolin et al. , 2012 . Since the main goal of this work is to investigate the possibility of azimuthal variations in the inner disk, where the metallicity trends are less ambiguous, we decided to limit our analysis to R/R 0 < 0.8. Doing so, the differences in slope and intercept of the linear regression between the SE and the NW portions of the disk are found to be smaller than the corresponding uncertainties, confirming the absence of obvious large-scale abundance variations in the azimuthal direction. A much more extensive spectroscopic coverage of M101 would be required to test for the presence of azimuthal variations among smaller sections (e.g. quadrants) of the disk.
SUMMARY AND CONCLUSIONS
Using a data sample of 79 H II regions, with 28 from our new observations (yielding 10 new detections of the [O III]λ4363 line) and the rest from additional sources in the literature, we have obtained and analyzed the radial oxygen abundance gradient in M101 based on the direct method ( [O III]λ4363-based), as well as various strongline diagnostics. We found an exponential abundance profile with a gradient of −0.87 ± 0.04 dex R 0 −1 and a central abundance of 12+log(O/H)=8.73 ± 0.03, from the direct oxygen abundance measurements. The scatter in the radial abundance gradient along arc A, located in the western disk of M101, is 0.15 ± 0.03 dex, while for the remaining H II regions of the M101 disk the scatter is 0.08 ± 0.01 dex. In the same section of the galaxy we found that one H II region, H27, deviates from the overall galactic abundance gradient, having a significantly lower oxygen abundance, 12+log(O/H) Te =7.96 ± 0.08, compared to nearby objects. One additional neighboring nebula, H128, has instead a large metallicity value, 12+log(O/H) Te =8.45 ± 0.04, for its galactocentric distance, as already found by Kennicutt et al. (2003) . These results provide evidence that marginally significant deviations from local metallicity homogeneity can arise in the interstellar medium of this part of the galaxy over spatial scales of a few kpc.
Among the strong-line abundance diagnostics we considered to derive the O/H abundance ratio for the full sample of 79 H II regions we found that the ONS method (Pilyugin et al. 2010) provides the best agreement with the direct method. With the ONS method we did not find any significant difference in the abundance scatter between H II regions in the western arc of M101 and the rest of the galaxy, being approximately 0.10 dex in both cases. The rather large deviations from the main abundance radial gradient measured for H27 and H128 from the direct method are not confirmed by the ONS method. On the other hand, the ONS method provides a large (0.4 dex) spread in the abundance of individual knots in the supergiant H II region NGC 5471, which is not seen in the T e -based data, and which we interpret as an example of the fact that strong-line method results should always be taken with care, and be considered valid in a 'statistical' sense. For individual measurements the T e method should be preferred. On the other hand, the result of our test of possible large-scale azimuthal abundance trends between two opposite sides of M101 using strong-line methods, i.e. that there is no detectable variation, should be considered robust. The small scatter we generally observe in the abundance gradient, when we consider that it includes H II regions on opposite sides of the galaxy, is also a good indication for a fairly homogeneous azimuthal abundance distribution.
In general, findings of large local deviations from abundance homogeneity obtained from strong-line methods should be verified with direct, T e -based measurements. We point out that the abundances of individual emission knots within large (∼1 kpc) H II region complexes are consistent with chemical abundance homogeneity when using T e -based data. Besides the case of NGC 5471 mentioned above, this is true for the NGC 5447 (H128, H143, H149) and NGC 5462 (H1159, H1170, H1176) complexes. On the other hand, claiming sizable inhomogeneities from abundances measured from some strong-line indicators appears risky. For example, the N2 pa- It is tempting to try and interpret the relatively small abundance peculiarity we detected in the western disk of M101 using the direct method with the notion that metallicity inhomogeneities could arise from metal-poor gas infall and galaxy interactions. The presence of high-velocity clouds and distortions in the spiral structure in the eastern disk of M101 (van der Hulst & Sancisi 1988; Waller et al. 1997; Sancisi et al. 2008) can be attributed to tidal interactions between M101 and one or more of its surrounding neighboring dwarf galaxies. Very recently, Mihos et al. (2012) presented a new deep H I map of the M101 group, which revealed the presence of newly-discovered H I clouds and an H I 'plume' extending from the SW of M101, likely of tidal nature. It is of course difficult to associate any of these features with the observed metallicity patterns in the M101 disk, but it is tantalizing to observe that the marginally larger scatter in the abundance distribution that we detect in the western arc is taking place on the same side of the galaxy where these tidal features appear now more evident. Future studies should address this possibility by obtaining a large number of high-quality spectroscopic observations and direct abundances in this part of M101.
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